Abstract This paper analyzes the meteorological drought events in Paraguay in the period of 1964 to 2011, using the Standardized Precipitation Index (SPI). The objective is to determine if the frequency and/or severity of droughts has increased or decreased in the last years, in response of climate change. They The southernmost parts of the country are affected by severe droughts producing damage to soybean and corn crop during the rainy season (OctoberMarch) especially during the summer of
The southeast of South America and particularly Paraguay are affected by droughts and potential impacts on its economy could be significant, considering that Paraguay is the sixth largest producer of soybean in the world (Masuda and Goldsmith 2009) .
Paraguay is a small landlocked country located in central South America, bordered by Argentina to south, Brazil to the east and northeast and Bolivia to the north and northwest (Fig. 1) . The Paraguay River runs from north to south, dividing the country in two regions, the Eastern region, where most of its population lives and the majority of the economic activities take place, and the Western region, an extended plain where only 2 % of the population lives. This region is characterized by a semiarid climate where ranching is the main economic activity. The main amount of precipitation occur in the Eastern region, reaching more than 1,700 mm per year while in the Western region it is less than 600 mm.
Impact assessment of a specific drought requires knowing its causes and the spatial and temporal distribution of the precipitation anomalies. Grimm et al. 2000; Grimm 2004 , analyzed the influence of El Niño Southern Oscillation (ENSO), warm (El Niño) and cold (La Niña) phases in the precipitation patterns of southeastern South America, providing a comprehensive view of the anomalies of precipitation and atmospheric circulation associated with both ocean-atmosphere phase events. The La Niña phase of ENSO coincides with a reduction of rainfall in northern Argentina, southern Brazil and southeastern Paraguay. Fraisse et al. (2008) analyzed soybean yields in Paraguay and precipitation amounts during different phases of crop phenological development, finding significant precipitation reductions during La Niña phases. Podestá et al. (2002) also demonstrated the influence of ENSO phases on agriculture in central and eastern Argentina.
The American Meteorological Society identifies four types of drought (BAMS 2004 ): a) meteorological drought, which is defined as a lack of precipitation over a region for a period of time, b) hydrological drought, which is related to a period with inadequate surface and subsurface water resources to supply established water uses of a given water resources management system, c) agricultural drought, which refers to a period with declining soil moisture and consequent crop failure without any reference to surface water resources and d) socio-economic drought, associated with the failure of water resources systems to meet the water demands for an economic good.
The analysis of a drought requires detecting several features such as the onset and end time of the drought, its duration, area extent, severity, and frequency in reference to the time of study, for example, 3 months of meteorological data (Piechota and Dracup 1996) . Numerous specialized indices have been proposed to quantify the four types of drought events. (Jones and Hulme 1996) , c) Rainfall decile (Gibbs and Maher 1967) , d) the Palmer Drought Severity Index (PDSI) (Palmer 1965 ), e) the Bhalme -Mooley Drought Index (BMDI) (Bhalme and Mooley 1980) , f) the Rainfall Anomaly Index (RAI) (van Rooy 1965) , and g) the Standardized Precipitation Index (SPI) (McKee et al. 1993) .
The Standardized Precipitation Index (SPI) quantifies the precipitation deficit for multiple time scales and reflects the impact of drought on the availability of different types of water resources. For example, the moisture stored in the soil is highly affected by the short-term precipitation anomalies, whereas stream flow, groundwater and reservoir storage slowly respond to longer-term precipitation anomalies. Wetter and drier climates can be represented in the same way by SPI, because it is a normalized index (Loukas and Vasiliades 2004) . Loukas and Vasiliades 2004 , mentioned the work of Guttman 1998 that compare a spectral analysis of historical time series of PDSI with time series of SPI, finding that SPI are spatially invariant with respect of those of PDSI, concluding for this reason that SPI is a better drought index for interregional comparison of drought events. Guttman (1998) also found that the 12-month SPI oscillations were found to be in phase with the oscillations of PDSI.
In this study the SPI3, SPI6 and SPI12 were used, representing the SPI in 3, 6 and 12 months as a drought index to assess their spatial and temporal distribution in the country and specially identify, if its exists, a pattern related with their temporal and spatial variability. The data correspond to those of National Weather Service, 1 analyzing monthly rainfall from 20 stations. Vidal et al. (2009) use the SPI to analyze drought in the south of Paraguay.
The value of SPI-3 and SPI-6 normally is focused in agricultural impacts while SPI-12 is related with hydrological impacts, two of the main economic activities of this country, grain production and hydroelectricity.
This study is intended to improve the knowledge about the occurrence, the frequency, the intensity and the trend of drought in the context of climate change in Paraguay, as well as their relation with ENSO. Finally, the vulnerability of the economy of Paraguay to droughts is shortly discussed. It is clear that this kind of information will contribute with the monitoring and forecast of drought events.
Study region and rainfall data
The study region corresponds to the country of Paraguay, a landlocked territory located in central South America, covering an area of 406.752 Km 2 . The country has two large rivers, the Paraguay and Paraná. The first one divides the country in two natural regions, Eastern region and Western region covering a length of 1.023 Km. Most of the population and economic activities are concentrated in the Eastern region of the country. This region is covered by rich soils where agriculture is the most important economic activity. The main grains cultivated in the region are soybeans, followed by corn and wheat. Sunflower and sorghum are also grown but in a smaller scale.
The climate is subtropical in the Eastern region with annual average precipitation of 1,800 mm at the Department of Itapúa, reducing to less of 500 mm to the northwest at Department of Boquerón. The intra-seasonal distribution of precipitation shows two maximum in the Eastern region, one during the spring season (September to November) and another one during autumn (March to May). The rainfall distribution in the Western region exhibits a clearly summer behavior, reaching its maximum between December to March. During the winter season, from June to August, average rainfall is reduced by 40 % at the easternmost region and by almost 100 % in the western region, (Baez y Fernandez 1994) .
Monthly precipitation records from 20 stations from National Weather Service of Paraguay with different periods were used. Table 1 shows the details of the stations, periods of records and Fig. 1 their spatial distribution.
Methodology
The methodology consists in calculation of SPI index for the meteorological stations of Paraguay. The amount of years of records is not homogeneous, but there is at least 20 years of continuous data at each station. The frequency of drought is analyzed using SPI and to estimate the extent of the drought areas, interpolation of the SPI was used.
Standardized precipitation index
The methodology proposed in this study to evaluate drought occurrence and intensity is the Standardized Precipitation Index (SPI). McKee et al. (1993) established SPI to quantify the deficit of precipitation for several time scales, assuming that soil moisture respond to anomalies of precipitation in a short period of time. Meanwhile, for underground water, stored water and water flows, the impact is reflected on anomalies of precipitation during longer periods of time. For these reason, the SPI was originally estimated for periods of 3, 6, 12, 24 and 48 months. This index is estimated with the precipitation accumulated on a monthly basis of a long series of data, being recommended at least 30 years to obtain better results. Guttman (1998) refers to the SPI developed by Mckee et al. (1993 Mckee et al. ( ,1995 as an index that quantify a precipitation deficit for different time scales, that recognizes the importance of time scales in the analysis of water availability and water use. The SPI is essentially a standardizing transform of the probability of the observed precipitation. It can be computed for a total precipitation observed over any duration desired by a user (1, 3, 6 month SPI, etc.). Computation of the SPI involves fitting a Gamma probability density function to a given frequency distribution of precipitation totals for a station. The alpha and beta parameters of the Gamma probability density function are estimated for each station, for each time scale of interest (3, 6, 12 months, etc.), and for each month of the year, (Loukas and Vasiliades 2004) . Mckee et al. (1993) , mentioned that the SPI calculated in this way has the following characteristics: (i) The SPI is uniquely related to probability; (ii) the precipitation used in SPI can be used to calculate the precipitation deficit for the current period; (iii) the precipitation used in SPI can be used to calculate the current percent of average precipitation for time period of n months; (iv) the SPI is normally distributed so it can be used to monitor wet as well as dry periods.
A drought event for a determined time scale (3, 6 or 12 month), is defined here as a period in which the SPI is continuously negative and the SPI reaches a value of −1.0 or less. The drought begins when the SPI first falls below zero and ends with the positive value of SPI following a value of −1.0 or less. McKee et al. (1993) defined drought intensity for values of the SPI with the following categories: 0.00 to −0.99, mild drought; −1.00 to −1.49, moderate drought; −1.50 to −1.99, severe drought; and less than −2.00, extreme drought. Agnew (2000) , proposed another classification scheme. In this one, the value of SPI assigned to each rainfall is the standard normal associated to the probability of nonexceedance of that rainfall, according to the Pearson type III distribution. The relationship among the SPI values, the probabilities of non-exceedance and the drought categories are shown in Table 2 .
The SPI calculated at 1 month, is the normalized monthly rainfall and essentially conveys meteorological drought identification. At the 3-6-month time scales it may be taken as an agricultural drought index, and at 6-12-month time scales it constitutes a hydrological drought index, useful for monitoring surface water resources.
The SPI_SL_6 software, which is available on The National Drought Mitigation Center (NDMC) website of the Nebraska-Lincoln University (http://www.drought.unl.edu/monitor/ spi/program/spi_program.htm) was used to calculate SPI in this study and to classify the drought, the SPI index scale of Table 2 . SPI for 3, 6 and 12 months for were calculated with the Table 1 . Finally, for the relation between ENSO events and SPI events, the Japan Meteorological Agency (JMA) index to define El Niño or La Niña was used. El Niño (La Niña) is such that the 5-month running mean Sea Surface Temperature (SST) deviation for NINO.3 (5°S-5°N, 150°W-90°W) continues 0.5°C (−0.5°C) or higher (lower) for 6 consecutive months or longer. The NINO.3 SST deviation is defined as deviation from the latest sliding 30 year.
Results
As it can be seen in Fig. 1 , the spatial density of the meteorological stations in the Western region is too low to conclude about drought in that area.
Temporal drought characterization in Paraguay using SPI-3, SPI-6 and SPI-12
The results of the Standardized Precipitation Index for 3, 6 and 12 months were obtained for all stations mentioned in Table 1 . The number of severe drought events (SPI ≤ −1.50) of 3, 6 and 12 months were summed up by decades to verify trends in drought events (Fig. 2) .
As SPI12, SPI6 or SPI3 are calculated by integrating the data from the previous 12, 6 or 3 months, respectively, it is possible to obtain 12 values of SPI12 in one year, one for each month of the year. The decades 1961-1970 and 1971-1980 were particularly dry in this region and the years 1967 to 1971 the driest in the available record, accounting for the large values of SPI12 per decade observed between 1961 and 1980 in fig. 2 .
There is no evident trend in severe drought events of 3, 6 and 12 months in the last five decades. However, since the 80's the number of severe droughts of 3 months have been raising steadily. The evolution of SPI-3, SPI-6 and SPI-12 has been analyzed for several meteorological stations in Paraguay. These results can be seen in figure S1 to S4 in the supplementary material. Table 3 displays the extreme SPI values for different stations analyzed and the year and month of its occurrence for SPI-3, SPI-6 and SPI-12. The 11 stations of this table were chosen as to minimize the amount of stations with no severe droughts in any decades. The most 1971, 1978, 1986, 1988, 1999 and 2007 . The most extreme droughts of 6 months (SPI-6 < −2) was observed in station 4 (Mariscal Estigarribia) in October of 2007, followed by station 5 (Puerto Casado) in the same month and year. Both stations are in the Western Region of the country. The other observed minimum occurred in 1985, 1972, 1978, 1999, 2000 and 2008 . The most extreme drought events of 12 months (SPI-12 was −3.27 in the station 7 (Pilar) in 2008, followed by station 4 (Mariscal Estigarribia) in 1973 with SPI-12 of −2.95. The years of extremes were 1968, 1973, 1976, 1977, 2000, 2003 and 2008. A more detailed analysis of severe drought events of 3, 6 and 12 months (which can be appreciated in the supplementary material, tables S1, S2, S3) did not reveal any temporal trend. Liebmann et al (2004) found a precipitation positive trend between 1976 and 1999 in south of South America, below 20°of latitude for the month January-February-March. It seems that in the decades 1981-1990 and 1991-2000 the frequency of drought is less than the decades 1961-1970, 1971-1980 and the 2001-2010 . This is coherent with the conclusion of positive trend of precipitation suggested by Liebmann et al. (2004) . As for SPI-6 and SPI-3, the decade 1971-1980 is the driest of the record analyzed and coincide with the conclusion of Liebmann et al. (2004) who find a positive trend of precipitation during the decade 1976-1999 in this region. It is apparent that in the decade of 2001-2010 the number of stations with severe drought increased again.
Spatial distribution of SPI for selected drought events
Maps of SPI-3, SPI-6 and SPI-12 were elaborated to analyze the spatial distribution of drought events in Paraguay. As for SPI-12, the droughts of 1962 and 1978 had the largest spatial extension in the country (Fig. 3) . More maps of the spatial distribution of SPI-12 can be found in the electronic supplementary material. Table 4 displays total SPI-6 (October to March) severe events (either ≤ −1.50 or ≥ 1.50) during the El Niño or La Niña events recorded from 1964 to 2011. The comparative analysis of the SPI-6 in March with El Niño or La Niña shows that in general La Niña events are more frequently associated with severe drought (SPI-6 ≤ −1.50) while SPI-6 events ≥ 1.50 are more frequently associated with El Niño events. This is true for La Niña events of 1964-1965, 1971-1972, 1975-1976 and 1988-89 . On the opposite, El Niño years that are consistent with positive SPI-6 are 1965 SPI-6 are -1966 SPI-6 are , 1969 SPI-6 are -1970 SPI-6 are , 1982 SPI-6 are -1983 SPI-6 are , 1997 SPI-6 are -1998 SPI-6 are , 2002 SPI-6 are -2003 SPI-6 are and 2009 SPI-6 are -2010 .
Relationship between drought events and ENSO phases (La Niña and El Niño)
The number of EN and LN events in the period of analysis is the same, that is, nine El Niño events and nine La Niña events. There is a strong coincidence between severe drought occurrence and La Niña events only in the years of 1971-72, 1975-76 and 1988-89, 
Discussions and conclusion
Several authors, Skansi et al. (2013) , Liebmann et al. (2004) and Collishonn et al. (2001) , suggested that there has been a large positive trend in southern South American precipitation during summers (DJF) of the years 1976 to 1999. This behavior is coherent with the increase of water level and stream flow in the River Paraguay and Paraná during the same period. On the other hand, the years 1964 to 1975 was coincident with a period of extreme low level of the River Paraguay from its source, in Brazil, to its confluence with Parana River, south of Paraguay, Collishonn et al. (2001) .
In this paper, we use the SPI as an indicator of drought of different types, agricultural, meteorological and hydrological. Agricultural (SPI-3), meteorological (SPI-6) hydrological (SPI-12) events were for 20 meteorological stations of Paraguay from 1960 to 2011.
Only the severe to extreme drought events (SPI < 1.5) were analyzed. For agricultural drought (SPI-3) severe to extreme drought occurred in the years 1967, 1968, 1978, 1979, 1986, 1989, 1999, 2000, 2004, 2006, 2007 and 2009 . In this case the analysis was focused in spring, summer and autumn months.
For meteorological drought (SPI-6), severe droughts were encountered in 1967, 1968, 1978, 1988 and 2003 in all stations analyzed. For hydrological drought (SPI-12), severe events were found in the years of 1967, 1968, 1978, 1979, 2000 and 2008. It is apparent that the worst drought events occurred in1967, 1968, 1978, 1979, 1999, 2000 and 2008 . However, it is interesting to notice that during some of these years, 1968 years, , 1978 years, , 1999 years, and 2008 Niña conditions were present in the Pacific Ocean, which according to previous studies of Grimm et al. (2000) , correspond to a considerable decrease of rainfall in southeast South America. SPI values during those years were lower during January to March and October to December periods, which correspond to the period of the year when the ENSO effects are stronger in these latitudes (Vera et al. 2004) .
Although the SPI method is easy to calculate and to use to detect drought events in different timescales, the spatial variability of drought and its intensity is difficult to capture, perhaps not due the method itself, but due the lack of meteorological station in the country.
The relationship between La Niña events and agricultural drought occurrence (3 months) is not undeniable. The results indicate that not all La Niña events are responsible for drought in the country, which means that other drivers should be investigated. Neither, it can't see positive or negative trend in the drought events analyzed with SPI method, however, it is clear that during the first years of the records, from 1964 to 1978, the frequency of drought are high when compared with the period 1976-1999. According to a recent study of the World The droughts of 1962 and 1978 had the largest spatial extension in the country (Fig. 3) . Unfortunately we have no information about the socioeconomic impacts of those events. However, the economic impact of the drought of the years 2008-2009 was extremely negative as it caused a reduction of 3.5 % in the GDP of 2009 (CEPAL 2010). In Fig. 3 , the spatial distribution of the droughts of 1962, 1978 are shown along with the drought of 2008 for comparison.
According to projections by CMIP5 multi-model ensemble, during the 21st century drought frequency and severity is expected to increase in Southern South America as well as in Paraguay (Penalba and Rivera 2013) . Therefore, considering the heavy economic losses caused by droughts in the last decades, drought contingency plans should be elaborated to alleviate future economic losses in the agriculture of Paraguay.
